M
agnetization reversal in magnetic particles is one of the fundamental issues in magnetic data storage. Technological improvements require the understanding of dynamical magnetization reversal processes at nanosecond time scales 1 . New strategies are needed to overcome current limitations. For example, the problem of thermal stability of the magnetization state (superparamagnetic limit) can be pushed down to smaller particle sizes by increasing the magnetic anisotropy 2 . High fields are then needed to reverse the magnetization,which are difficult to achieve in current devices. Here we propose a new method to overcome this limitation. A constant applied field, well below the switching field, combined with a radio-frequency (RF) field pulse can reverse the magnetization of a nanoparticle. The efficiency of this method is demonstrated on a 20-nm-diameter cobalt particle by using the microSQUID (superconducting quantum interference device) technique 3 . Other applications of this method might be nucleation or depinning of domain walls.
The dynamics of magnetization reversal of magnetic particles is of great relevance for applications in spintronic circuits operating in the gigaherz range. Recent improvements of current limitations concern the magnetization switching through precessional modes overcoming the relaxation time limit [4] [5] [6] [7] [8] [9] . It has also been shown that a spin-polarized current can be used to switch the magnetization state in nanometresized dots 10 . The method presented here aims to reduce magnetization switching fields of nanoparticles. Apart from technological applications, our technique is of particular importance in view of theoretical predictions [11] [12] [13] , because the experimental determination of the most effective frequency is a direct probe of the precession of the magnetization in the metastable energy well. This allows probing of the precessional damping that is a key issue for all magnetization processes at nanosecond time scales.
The magnetization reversal of a single-domain nanoparticle can be described by the Stoner-Wohlfarth model 14 . One considers a particle of an ideal magnetic material where exchange energy holds all spins tightly parallel to each other. There is competition only between the anisotropy energy of the particle and the effect of the applied field. The reversal of the magnetization is described using the potential energy (E) 15 :
where µ 0 is the vacuum permeability,V and M → are the magnetic volume and the magnetization vector of the particle respectively, H → is the external magnetic field, and E 0 (M → ) can be an arbitrary effective anisotropy, which includes shape, magnetocrystalline, magnetoelastic and surface anisotropies. In the case of uniaxial anisotropy, the energy potential has two wells corresponding to the two stable orientations of the magnetization (Fig. 1a) .When a field is applied,one of the two wells becomes metastable. At a particular field, called the switching field, the energy barrier between the two wells vanishes and the magnetization reverses. Figure 1b shows the switching field as a function of the direction of the applied field. The corresponding curve is called the Stoner-Wohlfarth astroid 14 .This model was very successful because of its simplicity,however,it does not describe the reversal path.The time dependence of the magnetization M → under the influence of an effective magnetic field H → eff , is described be the Landau-Lifschitz-Gilbert (LLG) equation 1 
:
The first term on the right-hand side is the precession term and the second one is a phenomenological damping term; γ is the gyromagnetic ratio, α is the damping constant, and t is time. The effective field H The damping term allows the magnetization to reach the minimum of a potential well. Our method of magnetization reversal using nonlinear resonance consists of driving the precession of magnetization with an applied RF field pulse until the magnetization switches (Fig. 1a) . The method proved to be very efficient when the precession frequency matches the frequency of the RF pulse. A tiny RF pulse amplitude is sufficient to strongly reduce the switching fields.
We studied this reversal method on individual nanoparticles by using planar Nb microbridge-d.c.-SQUIDs 3, 16 . The cobalt nanoparticles encapsulated in graphitic cages were synthesized using an arc-discharge method 17 . These particles are monocrystals of pure cobalt, and have a face-centered cubic or a hexagonal close-packed (h.c.p.) structure 18 .
Switching of magnetization by nonlinear resonance studied in single nanoparticles
The presented data were obtained on an h.c.p. particle with a diameter of about 20 nm (Fig. 2) . The switching fields of the magnetization of single Co nanoparticles were measured by scanning the applied field in all directions of space at a rate of about 0.1 T s -1 (Fig. 3 ). Experimental details are described elsewhere 3 . This switching-field map characterizes completely the magnetic anisotropy function E 0 (M → ) in equation (1) 19 , and is therefore very important for simulating the dynamics (equation (2)).
We use the microSQUID like a microwave strip line to apply the RF pulse to the nanoparticle (see Methods and Fig. 2b) .Typical results are presented in Fig. 4a for several RF frequencies. For all fields that are inside a given curve, the magnetization does not switch during the RF pulse. The black curve shows the switching field without field pulse. For all fields between these curves, the magnetization reversal is triggered by the RF pulse. In particular field regions, the switching field is strongly reduced by the RF pulse. Figure 4b ,c shows an enlargement of the most sensitive field regions as a function of pulse length.An RF pulse of about 1 ns can already be sufficient to reverse the magnetization. The reason for this selective sensitivity can be understood by recalling that the RF pulse frequency has to match the precession frequency of the particle that depends strongly on the applied field.
A qualitative understanding of the magnetization reversal by nonlinear resonance can be obtained with the LLG equation (equation (2)), which can be solved numerically using a modified Runge-Kutta integration scheme 1 . The initial state of the magnetization is in the metastable minimum. An RF pulse with a smooth envelope is then applied, inducing a precession of the magnetization in the minimum. When the RF frequency matches the precession frequency, the magnetization spirals up to the saddle point and reverses (Fig. 1a) . We define the switching time as the time interval between the start of the RF pulse and the time when the M z components of the magnetization crosses zero. Figure 5 presents the calculated switching times for all fields lying inside the Stoner-Wohlfarth astroid. In the black region, the RF pulse does not switch the magnetization. In most of the other cases, the switching time is around 1 ns but in few cases it can reach up to 3 ns.
A detailed numerical study of the magnetization reversal by nonlinear resonance shows all features measured on the Co nanoparticle (Fig. 4) . The main features are: (1) the resonance region 
Easy axis

Unstable
Hard axis
Stable
Figure 1
The magnetization reversal by nonlinear resonance. a, Potential energy of a magnetic nanoparticle versus magnetization angle.The potential energy has two wells corresponding to two stable orientations of the magnetization. For small, applied fields, one of the two wells is metastable.An additional applied alternative field δH RF induces oscillations of the magnetization in the energy wells.When the frequency of δH RF matches the precession frequency of the magnetization, energy can be pumped into the system.This can lead to magnetization reversal from the metastable to the stable well when the precessional damping is not too high. b, Field dependence of the switching field, called a Stoner-Wohlfarth astroid.The easy and hard axes of magnetization are along the z-and x-directions, respectively. For all fields inside the astroid, the magnetization has two stable orientations (Fig. 1a) whereas there is only one outside. Therefore, the magnetization switches from the metastable well to the stable one when the applied field crosses the Stoner-Wohlfarth astroid. The data presented here were obtained on particle A (particle B gave similar results). The SQUID is patterned from a 20-nm-thick niobium film.b,Schematic of the microbridge junction.The microbridge of the SQUID is used like a strip line.An injected RF supercurrent δI RF induces an RF field δH RF that is directly coupled to the nanoparticle on the microbridge.
shifts towards the hard axis for increasing RF frequency; (2) the optimum damping constant α lies between 0.001 and 0.05; (3) a small RF amplitude is sufficient to strongly reduce the switching field. In the case of Fig. 4c , we achieved a switching field reduction of about 100 mT with an RF amplitude of few mT (at 4.4 GHz). Even higher switchingfield reduction could be achieved by changing the pulse frequency during the RF pulse. Apart from technological applications, this technique directly probes the dissipative damping of the precession in the metastable well. The width of the resonance and the power required to achieve reversal are related to the dissipative damping of the oscillations, and could therefore be used to determine the damping constant of a single nanoparticle.
Future measurements will focus on the effects induced by surface anisotropy and temperature of the magnetization switching through nonlinear resonance. Other applications of our method might be the nucleation of magnetization reversal in magnetic dots,or the depinning of domain walls in magnetic nanostructures. Even for magnetization reversal with spin-polarized current 10 , an RF field or current pulse can favour reversal and probe the precessional modes. We think, therefore, that this method could become an important tool to probe magnetization reversal dynamics.
METHODS
To place one nanoparticle on the SQUID detector 3 , we first dispersed the particles in ethanol by ultrasonication. Then we placed a drop of this liquid on a chip of about one hundred SQUIDs. When the drop is dry, the nanoparticles stick on the chip due to Van der Waals forces. Only in the case when a nanoparticle falls on a microbridge of the SQUID loop, is the flux coupling between SQUID loop and nanoparticle strong enough for our measurements. Finally we determine the exact position and shape of the nanoparticles by scanning electron microscopy (Leo 1530 FESEM). In some cases, we used an atomic force microscope (Park Scientific Instruments, Autoprobe CP)to reposition the nanoparticles 20 .
The RF pulses were generated with a frequency synthesizer (Anritsu MG3694A) triggered with a nanosecond pulse generator. They were injected into the superconducting leads of the microSQUID through appropriate induction loops. The generated RF supercurrent goes through the microbridge junction of the SQUID and induces an RF field that is directly coupled to the nanoparticle (Fig. 2) . The RF field direction can be found by measuring the three-dimensional switching-field astroid (Fig. 3 ) with and without a static current through the microbridge. The static current shifts the entire field astroid. The shift direction gives the RF field direction, and the shift amplitude gives the fieldcoupling factor. Then, we used the microSQUID to estimate the amplitude in the high-frequency Figure 4 Field dependence of the switching field of the 20-nm-diameter Co particle (particle A in Fig. 2a) . The magnetic fields are applied in the xz plane (Fig. 3) . a,The black and coloured curves are the static and dynamic Stoner-Wohlfarth astroids, respectively.The RF pulse frequencies are indicated for the dynamic astroids, and the pulse length is about 10 ns. Note that the effect is not symmetric because the RF field direction was not aligned with either the easy or hard axis of magnetization (Fig. 3) . b,c, Enlargement of the most sensitive field regions in Fig. 4a as a function of pulse length. For each field point, the shortest pulse length leading to magnetization switching is indicated with a colour. In the black region, the magnetization did not reverse whereas the white region is outside the Stoner-Wohlfarth astroid.
Figure 3
Three-dimensional switching-field map of the 20-nm-diameter h.c.p. Co particle shown in Fig. 2a (particle A) . The data can be described by the Stoner-Wohlfarth model using the potential energy (in equation (1)):
θ where V is the magnetic volume of the particle, and K 1 and K 2 are the anisotropy energy density constants taking into account shape and magnetocrystalline anisotropy; θ is the angle of magnetization with respect to the easy axis of magnetization. Note that the easy axis of magnetization is slightly tilted away from the z direction and is not exactly in the xz plane that is chosen in Fig. 4 .The direction of the radio-frequency (RF) field pulse δH RF is indicated. regime. The amplitude can be estimated from the field-coupling factor. Finally, the amplitude variations for different pulse lengths was corrected using a 50 GHz digital sampling oscilloscope (Tektronix TDS 8000). Because we use the microSQUID like a strip line to apply the RF pulse to the particle, the microSQUID does not function properly during the RF pulse. We therefore developed an indirect method 19, 21 that consists of four steps. First, the magnetization of the particle is saturated in a given direction. Second, a test field is applied that is lower than the static switching field. Third, an RF pulse of given frequency, amplitude and length is applied to the particle. Finally, the SQUID is switched on to determine whether the particle has switched during the RF pulse. The entire procedure is then repeated with another test field, frequency, amplitude or pulse length.
